We propose a convenient way of evaluating the mixing performance of static mixers used for round pipe by conducting flow visualization experiments under the turbulent region and using water as the main stream. A fluorescent pigment, glycerin, two carboxymethyl cellulose solutions, and rapeseed oil were each injected upstream of the mixer. Three static mixer conditions were tested: 1) no static mixer; 2) a Kenics-type static mixer; and 3) a multi-stacked elements (MSE) static mixer. The mixing trend downstream of the mixer in each condition and with each injection fluid was monitored using a laser and high-speed video camera system to obtain cross-sectional images. We propose suitable indexes based on the images obtained for quantitative evaluations of the mixing characteristics of static mixers.
Co. offer original static mixers. Since static mixers include no driving mechanism, they might be energy-saving; however, insufficient mixing often occurs due to the lack of retention time. It is thus important to develop new static mixers that provide better mixing performance.
At the same time, it is necessary to develop a method for evaluating mixing characteristics quantitatively, as these data could be used both for developing new static mixers and for selecting suitable candidates. Etchells et al. [3] proposed using a coefficient of variation, CoV, as an index of mixing performance, which is defined as the standard deviation of the concentration distribution in the mixing field. Since the concept of the standard deviation can be applied only for a normal distribution, the numerical value and mixing image obtained by a visualization experiment could be expected to show some gaps. Alberini et al. [4] evaluated the performance of Kenics KM static mixers using two shear-thinning fluid streams in a visualization experiment. They adopted planar laser-induced fluorescence (PLIF) to obtain striation-like images at the mixer outlet by doping one fluid stream with a fluorescent dye upstream of the mixer inlet, and they then extracted the concentration distribution of the fluorescent dye. In another study, Alberini et al. proposed the areal distribution method [5] , which characterizes individual striations by determining the distribution as a function of size and concentration. They concluded that their method gave a more consistent measure of mixing performances than the CoV. However, their experiments were conducted under only a laminar flow regimen, which allowed a characteristic pattern of the fluorescent dye.
In the present study, we conducted flow visualization experiments under a turbulent region using water as the main stream. Glycerin, carboxymethyl cellulose solutions, and rapeseed oil with a fluorescent pigment were injected upstream of the mixer. We examined two static mixers, and proposed suitable indexes obtained from the cross-sectional images that enabled quantitative characterization of mixing performance.
Experimental Procedure

Static Mixers
We developed a multi-stacked elements (MSE) mixer [6] comprised of two types of mixing elements (A and B) as shown in Figure 1 . The mixing elements were stacked and sandwiched between the middle plate and two blind plates. Figure 2 contains an image of the streamlines inside the MSE mixer through a pipe. The fluid enters from the gap between the MSE and the wall inside the pipe, and flows through a complicated flow channel formed by the stacked configuration.
The fluid then goes through the hole in the middle plate and again flows through complicated channels, consequently enhancing the mixing performance. An MSE mixer with 10 pairs of elements stacked at both ends of the middle plate was used as the test device. A Kenics-type static mixer (NS: 1-N60-331-N, Noritake Co.), as shown in Figure 3 , was also examined in this study. This static mixer can be used for blending under both laminar and turbulent conditions by inducing circular patterns that reverse direction at each element's intersection.
Flow System
The experimental apparatus used in this study is shown in Figure 4 . pigment and R brightness showed a good correlation [6] . Therefore, we used R-brightness for the mixing evaluation in this study. Although G brightness also displayed good linearity, the presence of bubbles (which induced green emission) always caused non-negligible errors for G brightness values. We confirmed that more than 50 images were necessary to obtain stable statistical values (errors of less than 5%). Therefore, we transacted 100 images for each experimental condition. 
Flow Visualization
Definition of Indexes
We defined the following indexes to evaluate the mixing state of the obtained images:
1) Mixing rate: M (%) M was defined as a spreading index, and was calculated by the number of fluorescent pixels divided by the total number of pixels inside the pipe cross-section (85,636 pixels). To take into account the white noise presented at the lower brightness region, the criterion of 30 for R brightness was used to judge whether or not a pixel was fluorescing. The threshold was set by comparing each R value with the corresponding pixel, and determining whether it was brightening or disappearing by viewing.
2) Extracted maximum brightness: max R′ (−) max R′ was introduced to extract highly concentrated lumps of the injected fluid. n(R) was defined as the number of pixels for which the R brightness was R.
Then,
( )
n R ′ was calculated using the following equation:
max R′ was then determined as the R brightness at which ( ) n R ′ was the maximum. Figure 7 shows ( ) n R ′ with respect to R when n(255) = 100. The presence of 100 pixels at R = 255 is equivalent to 354, 125,892, and 6,309,573 pixels at R = 200, 100, and 75, respectively. Therefore, we could extract the presence of higher-brightness pixels.
3) Size of bright lump: L (%) L was introduced to probe the presence of concentrated lumps, and we calculated the rate of brighter lump pixels to total pixels. Five bright lumps in order of size were chose for each image, and L values were calculated. We obtained the center of brightness using the ImageJ image-processing program, and the value of the y-coordinate was converted to Dev. Dev was defined to express the asymmetrical presence of the vertical direction of fluorescent pixels, where the Dev values at the top, center, and bottom inside the pipe were defined as 1, 0, and −1, respectively. When the density of an injected fluid was larger than water at a certain level, a negative value of Dev might be obtained.
Results and Discussion
Figure 8 shows typical cross-sectional images for the static mixer conditions no mixer ("none"), the Kenics type static mixer (NS), and the MSE static mixer (MSE), obtained using glycerin as an injected fluid. We can see a large fluorescent lump located lower than the center for "none", while mixing was performed uniformly by the NS and MES mixers. for "none" with glycerin, the largest lump occupied 13.39% of the total cross-section of the pipe. The second largest lump was only 0.06%, and no other lumps were confirmed. We did not observe any lumps when the NS or MSE mixers were used. the center of the pipe without much spreading for "none". In the NS and MSE cases, we observed that almost perfect mixing was achieved except for a few small pieces. In contrast, for the experiment using 1.50 wt% CMC solution, the difference in mixing performance between the NS and MSE mixers was clear.
The concentrated solution was subdivided by the NS mixer and remained as many pieces, whereas the MSE mixer dispersed the solution uniformly over the cross-section leaving only a few pieces. creased in the order "none", NS, and MSE; however, the differences in the brightness of droplets among the three mixer conditions were not significant.
Since rapeseed oil does not dissolve in water, fluorescent oil droplets can be observed in the visualization experiment, and the concentration does not reflect the brightness. The particle-size distributions of the droplets can therefore be used as an alternative to evaluate the mixing performance for water-rapeseed oil systems. Figure 12 displays the particle-size distributions of droplets obtained for the images shown in Figure 11 . The 10%, 50%, and 90% pass diameters of droplets for "none", NS, and MSE are also summarized. The lowest D 50 value and the smallest difference between D 10 and D 90 (the sharp distribution) demonstrate the high performance of the MSE. An MSE can be used as an emulsification apparatus by increasing the flow rate of the main flow of water. Under these conditions however, the mixing fluids become clouded, which hampers the visualization experiment proposed in this study.
In this paper, we considered the mixing characteristics of static mixers by observing injected CMC solutions with pigment. Although our proposed method is still a relative evaluation among various static mixers, it is an attempt to evaluate mixing characteristics quantitatively. The ability of a static mixer should be judged according to its mixing characteristics, flow resistance, cost, length, and so on. 
Conclusion
We conducted flow visualization experiments for NS and MSE static mixers with the goal of enabling quantitative characterization of mixing performance. The indexes of M, max R′ , L, and Dev were defined in this study. The quantitative values of these indexes almost perfectly coincided with the impression of images obtained of the static mixers. We found that particle-size distribution is convenient for evaluations of mixing performance when a non-aqueous liquid is used as an injected fluid. Our analysis of the cross-sectional images obtained from the visualization experiments showed that the MSE provided effective mixing.
